Glial cells are now recognized as active communication partners in the central nervous system, and this new perspective has rekindled the question of their role in pathology. In the present study we analysed functional properties of astrocytes in hippocampal specimens from patients with mesial temporal lobe epilepsy without (n = 44) and with sclerosis (n = 75) combining patch clamp recording, K + concentration analysis, electroencephalography/video-monitoring, and fate mapping analysis. We found that the hippocampus of patients with mesial temporal lobe epilepsy with sclerosis is completely devoid of bona fide astrocytes and gap junction coupling, whereas coupled astrocytes were abundantly present in non-sclerotic specimens. To decide whether these glial changes represent cause or effect of mesial temporal lobe epilepsy with sclerosis, we developed a mouse model that reproduced key features of human mesial temporal lobe epilepsy with sclerosis. In this model, uncoupling impaired K + buffering and temporally preceded apoptotic neuronal death and the generation of spontaneous seizures. Uncoupling was induced through intraperitoneal injection of lipopolysaccharide, prevented in Toll-like receptor4 knockout mice and reproduced in situ through acute cytokine or lipopolysaccharide incubation. Fate mapping confirmed that in the course of mesial temporal lobe epilepsy with sclerosis, astrocytes acquire an atypical functional phenotype and lose coupling. These data suggest that astrocyte dysfunction might be a prime cause of mesial temporal lobe epilepsy with sclerosis and identify novel targets for anti-epileptogenic therapeutic intervention. Keywords: gap junction coupling; gap junction protein alpha 1; temporal lobe epilepsy; hippocampal sclerosis; inflammation Abbreviations: EGFP = enhanced green fluorescent protein; EYFP = enhanced yellow fluorescent protein; hpi = hours post kainate injection; HS = hippocampal sclerosis; mpi = months post kainate injection; MTLE = mesial temporal lobe epilepsy; SR101 = sulforhodamine 101; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labelling
Introduction
Epilepsy is a condition of the brain that affects 1% of the population worldwide, and one-third of the patients are refractory to medical treatment. This disorder has for a long time been considered to be caused by dysfunctional neurons. Hence, search for new antiepileptic drugs has concentrated largely on compounds that affect neuronal function. As efficacy and tolerability of these drugs have not substantially improved over the past decades, and all known antiepileptic drugs merely suppress symptoms without treating the underlying disorder, new strategies in antiepileptic drug development are required (Lö scher and Schmidt, 2011; Simonato et al., 2012) . In this context, glial cells, astrocytes in particular, have attracted increasing attention. These cells play essential roles in brain physiology: they modulate synaptic transmission and control ion homeostasis and blood-brain barrier integrity (Perea et al., 2009; Halassa and Haydon, 2010) . Impairment of these functions has been associated with the pathophysiology of neurological disorders, including epilepsy, yet the underlying mechanisms remain enigmatic (Seifert et al., 2006 (Seifert et al., , 2010 . In the sclerotic hippocampus of patients with mesial temporal lobe epilepsy (MTLE-HS), glial cells lose the glutamate-metabolizing enzyme, glutamine synthetase (Eid et al., 2004) , and display reduced inwardly rectifying K + currents (Bordey and Sontheimer, 1998; Hinterkeuser et al., 2000; Kivi et al., 2000) , which was speculated to contribute to generation and spread of seizure activity.
Astrocytes are connected by gap junction channels composed mainly of the gap junction protein alpha 1 (GJA1, connexin 43) and gap junction protein beta 6 (GJB6, connexin 30) (Nagy and Rash, 2000; Giaume et al., 2010) . These networks were proposed to counteract hyperactivity by facilitating extracellular K + and glutamate removal, thereby attenuating synaptic transmission. In mice with coupling-deficient astrocytes disturbed K + and glutamate clearance, spontaneous epileptiform activity and decreased seizure thresholds have been described (Wallraff et al., 2006; Pannasch et al., 2011) . Previous studies on connexin expression in experimental epilepsy were inconsistent (Nemani and Binder, 2005; Giaume et al., 2010; Steinhä user et al., 2012) . Patients with pharmacoresistant MTLE-HS displayed enhanced or unchanged GJA1 immunoreactivity or transcript levels (Steinhä user et al., 2012) . However, alterations in mRNA or protein levels do not necessarily correlate with functional changes. Importantly, so far functional coupling has not been investigated in human specimens.
In the present study we combined patch clamp recording, rapid glutamate application, extracellular K + concentration analysis, EEG and video monitoring and fate mapping analysis to ask whether impaired gap junction function might be involved in the aetiology of epilepsy. We have investigated, for the first time, coupling in astrocytes of hippocampal specimens freshly dissected from patients presenting with intractable MTLE. To decide whether the glial changes we observed in human epileptic hippocampus represent cause or effect of MTLE-HS, we developed a mouse model, unilateral intracortical kainate injection, which reproduces key features of the human condition. Our data identify astrocyte uncoupling as a key event in epileptogenesis and unravel novel targets for anti-epileptogenic therapeutic intervention.
Materials and methods

Patient data
Hippocampal specimens were obtained from 119 patients with pharmacoresistant MTLE. Histopathological evaluation revealed hippocampal sclerosis in 75 patients, characterized by severe neuronal loss in the CA1, CA3 and CA4 subregions of the hippocampus. Medication of patients with hippocampal sclerosis with the antiepileptic drug levetiracetam did not affect basic membrane properties of the glial cells analysed (resting potential, inwardly rectifying K + current density, membrane capacitance). Another 44 patients, suffering from lesionassociated epilepsy, showed no or only minor morphological changes (i.e. no significant hippocampal atrophy, neuronal death or granule cell dispersion, but mild to moderate astrogliosis and/or microglia activation) in the hippocampus. Clinical details of MTLE patients are shown in Supplementary Table 1 . In all patients, the hippocampus was shown to be intimately involved in the generation of temporal lobe seizures by non-invasive and invasive diagnostics as described elsewhere (Elger et al., 1993; Behrens et al., 1994) . Informed consent was obtained from all patients for additional electrophysiological evaluation. All procedures were approved by the ethics committee of Bonn University Medical Centre and conform to standards set by the Declaration of Helsinki (1989) .
Preparation of human tissue
Human tissue sections were prepared as reported (Hinterkeuser et al., 2000) . Hippocampal specimens were cut perpendicular to the septotemporal axis into blocks of 3-4 mm using a razor blade and then slices of 200-mm thickness were cut in ice cold preparation solution containing (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 7 MgCl 2 , 0.5 CaCl 2 , 25 glucose, 75 sucrose, on a vibratome (Leica VT1000 S, Leica Biosystems). Subsequently, slices were stored for at least 30 min in artificial CSF containing (in mM): 126 NaCl, 3 KCl, 2 MgSO 4 , 2 CaCl 2 , 10 glucose, 1.25 NaH 2 PO 4 , 26 NaHCO 3 . By gassing the solution with carbogen (5% CO 2 / 95% O 2 ) the pH was adjusted to 7.4. For patch-clamp analysis, slices were placed in a perfusion chamber installed on the stage of an upright microscope (Axioskop FS, Zeiss or Nikon Eclipse FN1) and fixed with a grid of nylon threads. The chamber was continuously perfused with oxygenated standard solution and drugs were added to the bath as indicated. Recordings were obtained from cells located in the hippocampal CA1 region. The selected cells were located about 30 mm underneath the surface of the slice and could be approached by the patch pipette using water immersion optics (LUMPlanFI/IR Â60, Olympus, or CFI APO Â60-W NIR, Nikon). Positive pressure was applied to the recording pipette while the cell was approached under microscopic control. Cells were morphologically identified by use of an infrared camera (C5204, HAMAMATSU, or VX45, Optronis).
Animals
Maintenance and handling of animals (specific pathogen-free; House of Experimental Therapy, UKB Bonn) was according to local government regulations. Experiments have been approved by the State Office of North Rhine-Westphalia, Department of Nature, Environment and Consumerism (approval number 84-02.04.2012.A212). All measures were taken to minimize the number of animals used. If not stated otherwise, transgenic mice with human GFAP promoter-controlled expression of EGFP (hGFAP/EGFP mice, Nolte et al., 2001) were used. In addition, some experiments were performed with Toll-like receptor 4 (TLR4) knockout mice, which carry a deletion in the Tlr4 gene that results in the absence of both mRNA and protein (C57Bl/10ScNJ mice; The Jackson Laboratory). Male mice aged 3-6 months were used unless stated otherwise. For fate mapping, ROSY reporter mice [Gt(ROSA)26Sor tm1(EYFP)Cos ], which contain a floxed 'stop' sequence followed by the enhanced yellow fluorescent protein (EYFP) gene inserted into the ROSA26 locus (Srinivas et al., 2001) , were bred with a mouse expressing tamoxifen-inducible Cre recombinase (Cre-ERT) under control of Gja1 promoter [Gja1 tm5(cre/ERT)Kwi ] mice (Eckardt et al., 2004) . To induce recombination in the double transgenic offspring, 1 mg tamoxifen (Sigma) was injected intraperitoneally twice a day for five consecutive days. Tamoxifen was dissolved in 50 ml sunflower oil (Fluka) containing 10% ethanol per mg tamoxifen. Mice were injected at 8-9 weeks of age and subjected to the kainate model of epilepsy (see below) 4-5 weeks after the first injection of tamoxifen.
Preparation of mouse brain slices, solutions and electrodes
Mice were anaesthetized (between 10-11 am) with 50% CO 2 , decapitated, the brains were quickly removed and 200 -mm thick coronal slices were cut on a vibratome (VT1000S, Leica). During cutting, brains were submerged in ice-cold oxygenated solution containing (in mM): 150 NaCl, 5 KCl, 2 MgSO 4 , 1 Na-pyruvate, 10 glucose, 10 HEPES, pH 7.4. The standard bath solution contained (in mM): 150 NaCl, 5 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 HEPES and 10 glucose (320 mOsm; pH 7.4). For uncaging experiments, 5 mM TEA, 4 mM 4-AP, 2 mM BaCl 2 , 0.1 mM CdCl 2 and 1 mM tetrodotoxin were added. Gap junctional coupling analyses were performed in artificial CSF. The pipette solution contained (in mM): 130 K-gluconate, 1 MgCl 2 , 3 Na 2 -ATP, 20 HEPES and 10 EGTA (280 mOsm; pH 7.2). For gap junction coupling analysis, biocytin (Sigma) was added to the internal solution (0.5%). Experiments on outside-out patches were performed with a pipette solution containing (in mM): 130 KSCN, 2 MgCl 2 , 0.5 CaCl 2 , 3 Na 2 -ATP, 10 HEPES and 5 BAPTA to facilitate detection of uptake currents. Recording pipettes were fabricated from borosilicate capillaries (Hilgenberg).
Electrophysiology and drug application
Membrane currents were measured with the patch-clamp technique in the whole-cell and outside-out patch configurations. Current signals were amplified (EPC 8 or EPC 9 amplifier; HEKA), filtered at 3 or 10 kHz, and sampled at 10 or 30 kHz. Online analysis was performed with 'TIDA for Windows' acquisition and analysis program (HEKA). The resistance of the patch pipettes was 3-6 M. Capacitance and series resistance compensation (up to 50%) were used to improve voltage clamp control. Voltages were not compensated for liquid junction potentials. Recordings were performed at room temperature (20-22 C). For fast application of glutamate to outside-out patches, a theta glass tube was positioned right-angled with the patch pipette and driven by a piezo translator (P-245.50, Physik Instrumente). The flow rate through the two barrels was adjusted with a syringe pump (solution exchange $300 ms; Matthias et al., 2003) . In some experiments glutamate was applied through flash photolysis. 4-methoxy-7-nitroindolinyl-caged-L-glutamate (10 mM, Toc ris) was liberated by a Xenon flash-lamp (JML-C2; Rapp OptoElectronic). Tracer coupling analyses were performed as described (Wallraff et al., 2004) .
[K + ] o measurements and imaging
Combined two-photon excitation fluorescence imaging and electrophysiological recordings from astrocytes were performed as reported (Henneberger and Rusakov, 2012) . Briefly, acute 300-mm thick coronal hippocampal slices were prepared 4 h post kainate injection (hpi) (Supplementary material) in a slicing solution containing (in mM) 105 sucrose, 60 NaCl, 2.5 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 1.3 ascorbic acid, 3 sodium pyruvate, 26 NaHCO 3 , 10 glucose. Slices were allowed to recover at 34 C for 15 min before storage in artificial CSF at 34 C for 45 min and room temperature afterwards. CA1 stratum radiatum astrocytes were patched using the K-gluconate-based pipette solution supplemented with 0.04 mM Alexa Fluor Õ 594 hydrazide and identified by their low input resistance, low membrane potential, 'ohmic' responses to current injections and characteristic morphology (Steinhä user et al., 1994; Henneberger and Rusakov, 2012) . Schaffer collaterals were stimulated using bipolar concentric electrodes (single pulses, 100 ms, 160 mA, at least 10 trials). Voltage responses were recorded from astrocytes held in current clamp (Multiclamp 700B, Molecular Devices). The access resistance was continuously monitored, and recordings were rejected if the access resistance exceeded 15 M or if it changed more than 30%. Astrocyte voltage responses to axonal stimulation in the absence of synaptic transmission are composed of the axonal fibre volley, a quickly decaying transporter component (decay time constant 515 ms) followed by a longlasting depolarization due to an increase of the extracellular (Bergles and Jahr, 1997; Diamond, 2005; Henneberger and Rusakov, 2012) . The latter was analysed 50-60 ms after the stimulus (ÁV K , average voltage relative to prestimulus baseline, Fig. 4 ) and normalized to the fibre volley amplitude to account for varying axonal stimulation efficacy between recordings. Synaptic transmission was blocked to avoid potential bias due to kainate-induced alterations of synaptic transmission and excitability (50 mM APV, 10 mM NBQX, 100 mM picrotoxin and 5 mM CGP52432). In a subset of recordings, extracellular field potentials were recorded in parallel to astrocyte voltage responses in the immediate vicinity of the astrocyte. Fibre volley amplitudes recorded extracellularly and from astrocytes were strongly correlated (R = 0.923, n = 12). In contrast to astrocyte recordings of ÁV K (on average 0.193 AE 0.03 mV, n = 12) paired extracellular recordings did not display a long-lasting voltage shift (0.0002 AE 0.0005 mV, n = 12). Image stacks of cells filled with Alexa Fluor Õ 594 and dye escape into gap junctioncoupled astrocytes were acquired 25-30 min after break-in using two-photon excitation fluorescence imaging (Olympus MPE, 25Â objective, NA 1.05, Coherent Vision S tuned to 800 nm, power at objective 56 mW) and analysed offline.
To test whether 4 hpi the astrocytic membrane was still dominated by a high K + resting conductance, input resistance and resting potential of CA1 stratum radiatum astrocytes on the contra-and ipsilateral sides (underneath the injection site) were compared. No significant difference was found for the input resistance (contralateral 2.1 AE 1.1 M, n = 33; ipsilateral 2.6 AE 1.2 M, n = 31) while the resting potential was slightly depolarized ipsilaterally (contralateral À77 AE 3.9 mV, n = 33; ipsilateral À73.5 AE 4.2 mV, n = 31). We conclude that at this early time point after kainate injection, the dominating resting K + permeability of the astrocytic membrane is still preserved.
Immunohistochemistry
The surgically resected hippocampal blocks of 3-4 mm thickness (see Supplementary material) were incubated in 2-4% paraformaldehyde for 24-30 h, washed in phosphate buffered saline (PBS) and sectioned by a vibratome (Leica VT1200S) at 40 mm. After permeabilization and blocking (1 h) with 0.5% Triton TM X-100 and 10% normal goat serum (NGS) in PBS, the sections were incubated overnight (4 C) in 2% NGS in PBS containing 0.1% Triton TM X-100 containing primary antibodies. The sections were washed in PBS and incubated in secondary antibodies coupled to Alexa Fluor Õ 488 or Alexa Fluor Õ 594 (1:500, Invitrogen) for 1 h at room temperature in 2% NGS in PBS. After several washing steps nuclei were stained with Draq5 (1:1000; Biostatus) in PBS for 10 min. The following primary antibodies were used: rabbit anti-PDGFRA (sc-338; 1:1500; Santa Cruz Biotechnology), mouse anti-GFAP (MAB 360; 1:400; Millipore), mouse anti-CSPG4 (MAB2029; 1:350; Millipore), rabbit anti-S100B (ab41548; 1:3000; Abcam) and mouse anti-S100B (ab16959; 1:200; Abcam). Images were obtained using a confocal laser scanning microscope (TCS NT, Leica Lasertechnik). To compare cell densities or co-expression of cell markers in MTLE-HS and non-hippocampal sclerosis human hippocampal tissue, cells were counted in a volume of 250 Â 250 Â 10 mm 3 . Mice were anaesthetized and intracardially perfused with PBS followed by 4% paraformaldehyde solution. Brains were postfixed, removed and cut on a VT1200S (Leica) into coronal slices (40 mm). Slices were blocked for 2-4 h at room temperature in PBS containing 2% Triton TM X-100 and 10% NGS. First antibody was incubated in PBS containing 0.1% Triton TM X-100 and 2% NGS at 4 C overnight. The following primary antibodies were used: rabbit anti-CSPG4 (anti-NG2; AB5320, 1:100, Millipore), rabbit anti-AIF1 (anti-Iba1; 019-19741, 1:400, Wako), mouse anti-NeuN (MAB377, 1:200, Chemicon), mouse anti-GFAP (MAB 360, 1:400, Millipore), rabbit anti-GFAP (Z0334, 1:400, Dako), rabbit anti-GFP (132002, 1:1000, Synaptic Systems), mouse anti-GFP (A11120, 1:500, Invitrogen). The next day, slices were washed three times in PBS and incubated with the appropriate goat polyclonal secondary antibodies conjugated to Alexa Fluor Õ 488 and Alexa Fluor Õ 594 (1:500; Invitrogen). Slices were washed three times and incubated with Draq5 (1:1000, Biostatus) for nuclear staining, washed again and mounted on coverslips with Aquapolymount (Polysciences). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was performed with the Click-iT TUNEL Alexa Fluor Õ Imaging Assay (Invitrogen) according to the manufacturer's instructions. Fluoro-jade Õ C/DAPI double staining was performed using Biosensis Õ Ready-to-Dilute (RTD) TM kit (TR-100-FJ, Biosensis) following the instructions of the manufacturer. For sulforhodamine 101 (SR101) labelling (Nimmerjahn et al., 2004) , slices were incubated in SR101 (1 mM, Sigma) in oxygenated artificial CSF for 20 min at 35 C. Biocytin was visualized with streptavidin-Cy3 (1:300, Sigma), -Cy2 (1:100, Sigma) or -Cy5 (1:200, Jackson ImmunoResearch). Images were acquired at 1-2 mm z steps using a fluorescence microscope (Axiophot, Zeiss) and MetaVue software, or employing confocal microscopy (TCS NT, Leica).
To minimize subjective bias, cell counting and assessment of co-staining was always performed by two different persons blinded to the respective experimental condition.
Immunoblotting
Western blot analysis of hippocampal protein extracts prepared from 8-10 week old hGFAP/EGFP mice were performed as previously described (Zhang et al., 2013) . For immunodetection polyclonal rabbit anti-GJB6 (1: 250; Invitrogen), anti-GJA1 antibodies (1: 5000; Sigma) and monoclonal mouse anti-tubulin antibodies (1:10 000; Sigma) were used. Secondary antibodies used: goat-anti-mouse horseradish peroxidase conjugate (1:10 000, GE Healthcare) and goatanti-rabbit horseradish peroxidase conjugate (1:10 000, GE Healthcare). For visualisation of horseradish peroxidase, the West Dura substrate (Pierce) was used and chemiluminescence was detected with the Gene Gnome digital documentation system (Synoptics). GJB6 and GJA1 protein expression levels were normalized to tubulin.
Data analysis
The membrane capacitance was estimated from the current transients evoked by a 10 mV test pulse depolarizing the cells to À60 mV (sampling rate 30 kHz, filter 10 kHz). Because the inward rectifier is still active in this voltage range, we did not compensate for resting conductance or leakage (Akopian et al., 1997) . Data are given as mean AE standard deviation (SD) . Differences between data were tested for significance using the Student's t-test, ANOVA with post hoc test or 2 test as appropriate. The level of significance was set at P 5 0.05.
Results
Glutamate sensitivity and coupling in glial cells of non-sclerotic human hippocampus
Whole-cell recordings were obtained from glial cells in the CA1 stratum radiatum of 'control-like', i.e. non-sclerotic human hippocampus (non-HS; 44 specimens). Based on morphological and electrophysiological criteria, glial cells with complex (n = 147) and passive currents (n = 134) were distinguished (Fig. 1A , C, left traces, H) (Hinterkeuser et al., 2000) , resembling NG2 cells (previously termed complex or GluR cells) (Bergles et al., 2010) and astrocytes in murine hippocampus. In the latter, NG2 cells and astrocytes differ in their glutamate sensitivity and gap junction coupling (Matthias et al., 2003; Wallraff et al., 2004) . We tested whether human glial cells share similar segregated glutamate sensitivity. Outside-out patches were excised from the soma of astrocytes and glutamate (1 mM) was rapidly applied. At negative voltages, transient inward currents were activated (17 AE 11 pA; time constant 3.9 AE 1.3 ms; À 70 mV; n = 9 cells, seven patients) while no outward currents occurred at positive potentials (up to + 50 mV) (Fig. 1A) . Inward currents were completely blocked by DL-TBOA (100 mM, n = 3), but insensitive to NBQX (20 mM, n = 2, not shown), indicating that they were due to glutamate uptake. The glutamate sensitivity of human NG2 cells was investigated through flash photolysis (caged glutamate, 10 mM) or fast glutamate (1 mM) application to excised patches (n = 8 cells, six patients). Both methods revealed rapidly decaying currents (reversal at 12.7 AE 6 mV; Fig. 1C ), which were blocked by kynurenic acid (5 mM) or NBQX (20 mM, not shown; see Seifert et al., 2004) . Thus, NG2 cells expressed ionotropic receptors but not glutamate transporters. Next, gap junction coupling was investigated with biocytin filling. Astrocytes (n = 20 cells, eight patients) were always coupled ( Fig. 1B ; tracer spread to 94 AE 84 cells) while NG2 cells (n = 10 cells, seven patients) lacked coupling (Fig. 1D ). Doublelabelling revealed that the majority (98.6%) of human GFAP-positive cells co-expressed S100B [ Supplementary  Fig. 1A (2)] but not PDGFRA, a marker of NG2 cells [ Supplementary Fig. 1A(1) ]. PDGFRA-positive cells consistently expressed S100B [ Supplementary Fig. 1A(3) ] and CSPG4 (NG2, n = 3 slices, three patients, data not shown). Thus, human NG2 cells and astrocytes displayed the same properties as their counterparts in rodent brain.
Lack of bona fide astrocytes and gap junction coupling in human MTLE-HS
We next tested if the properties of glial cells were changed in patients with MTLE-HE (75 specimens). In spite of trying to select astrocytes, almost all cells (98%) displayed complex currents (P 5 0.0001, n = 325). As reported by Hinterkeuser et al. (2000) , depolarization through current injections (up to + 10 mV) never elicited action potentials in these cells (n = 11, not shown). Fast application of glutamate (1 mM) to outside-out patches always evoked receptor-mediated responses (n = 13 cells, seven patients) (Fig. 1E, G and H) . However, when NBQX (20 mM) was co-applied (n = 6) the glutamate-evoked responses with almost linear current/voltage relationships (reversal potential 10 AE 1.1 mV, Fig. 1E ) were inhibited only partially in 50% of the cells (to 38.8 AE 2.8%, V = À130 mV, Fig. 1G ), suggesting co-expression of ionotropic glutamate receptors and glutamate transporters. This has been observed neither in glial cells from non-hippocampal sclerosis specimens (Fig. 1 ) nor mouse hippocampus (Matthias et al., 2003) . Membrane potential, input resistance and capacitance of the two glial cell types with distinct glutamate sensitivity were not different. Biocytin loaded into individual glial cells in the CA1 region of MTLE-HS specimens never spread into neighbouring cells (n = 25 cells, 16 patients, Fig. 1F ). Immunohistochemistry revealed pronounced, diffuse GFAP-immunoreactivity [ Supplementary Fig. 1B(1 and 2) ]. Individual cells were only detectable by co-staining with S100B [ Supplementary  Fig. 1B(2) ]. GFAP never co-localized with PDGFRA [ Supplementary Fig. 1B(1) ], ruling out ectopic expression of GFAP in NG2 cells in human MTLE-HS. Similar to nonhippocampal sclerosis specimens, PDGFRA-positive cells coexpressed S100B [ Supplementary Fig. 1B(3) ] and CSPG4 (NG2, four slices, three patients, data not shown).
Together, we concluded that tissue from patients with MTLE-HS was devoid of bona fide astrocytes, and contained glial cells with abnormal functional properties.
The unilateral intracortical kainate injection model reproduces key aspects of human MTLE-HS
Loss of astrocyte gap junction coupling as observed in human MTLE-HS might entail hyperactivity due to impaired K + and neurotransmitter homeostasis. As freshly-dissected human brain specimens are only available from the chronic state of the disorder, an animal model was established to investigate whether reduced coupling contributes to epileptogenesis. We used unilateral intracortical kainate injections in hGFAP/EGFP mice, an approach that is based upon the intrahippocampal kainate model (Suzuki et al., 1995; Bouilleret et al., 1999; Riban et al., 2002) but avoids damage to the CA1 region by the injection needle (Supplementary material and Supplementary  Fig. 2 ). This model reliably reproduces key morphological and functional features of chronic human MTLE-HS (Supplementary Figs 3-6) . After kainate injection, mice developed status epilepticus followed by a latent period and generation of spontaneous recurrent seizures. Seizures occurred bilaterally and recruited the hippocampus Supplementary Fig. 4) . Three months post injection (mpi), strong GFAP immunoreactivity was found in the sclerotic CA1 region. Nine months after status epilepticus, the diffuse GFAP staining pattern lacked clearly discernible cellular structures, similar to human MTLE-HS ( Supplementary Fig. 6A ). As in human hippocampal sclerosis, GFAP did not co-localize with markers for NG2 cells (Supplementary Fig. 6B ).
Biocytin filling was performed in non-sclerotic and sclerotic hippocampal segments of the injected and contralateral hemisphere. Sclerotic slices displayed complete loss of CA1 pyramidal neurons, hippocampal atrophy, gliosis, and granule cell dispersion (Supplementary Fig. 5A ). Astrocytes were identified by their morphology and passive membrane currents. Three and 6 months after status epilepticus, cells matching the above criteria could still be found. However, these cells lacked coupling ( Fig. 2A and  B ; P 5 0.0001 for both time points). Nine months after status epilepticus, cells with passive currents were no longer detected in the sclerotic region (P = 0.019). In contrast, in non-sclerotic hippocampal slices of the injected hemisphere and slices from the contralateral hippocampus, astrocytes displayed abundant coupling at all time points investigated (Fig. 2B) .
When selecting cells under the microscope for patch clamp analysis, one might argue that the investigator simply has overlooked astrocytes in the sclerotic tissue. To avoid such a potential bias and confirm loss of bona fide astrocytes in MTLE-HS with an alternative approach, we performed SR101 labelling (Nimmerjahn et al., 2004; Kafitz et al., 2008) . At 9 mpi, SR101 failed to label cells in the sclerotic CA1 region whereas abundant SR101 labelling was found in non-or weakly-sclerotic slices from the ventral part of the injected hippocampus, and in slices from the contralateral hippocampus (Fig. 2C) .
To test whether dysfunctional astrocytes contribute to epileptogenesis, we investigated coupling 4 h, 24 h and 4-5 days post injection (Fig. 3) . EEG analysis was used to exclude onset of spontaneous seizures before coupling analysis. At all three time points we observed decreased tracer spread ipsilaterally compared to the contralateral side (Fig. 3C) . TUNEL staining identified apoptotic neuronal death 6 hpi whereas no TUNEL-positive cells were seen in the pyramidal layer 4 hpi (Fig. 3B) , a time point when coupling was already dramatically decreased. Using fluoro-jade C, a highly specific marker for neurodegeneration, revealed faintly positive cells at 4 hpi ( Supplementary Fig. 7 ). Sham injection did not affect coupling (Fig. 3C) . Thus, decreased astrocyte coupling precedes apoptotic cell death and the onset of spontaneous seizure activity, suggesting its critical involvement in epileptogenesis.
To test whether decreased gap junction coupling 4 hpi impaired K + clearance, we exploited the high sensitivity of the astrocyte membrane potential to changes of [K + ] o (Fig. 3D-G) (Meeks and Mennerick, 2007; Djukic et al., 2007) . Filling cells with Alexa Fluor Õ 594 confirmed decreased gap junction coupling as seen with biocytin ( Fig. 3C and E) . Stimulation of Schaffer collaterals was followed by a small, long-lasting astroglial depolarisation (ÁV K ) even in the absence of synaptic transmission, reflecting an increase in [K + ] o (Bergles and Jahr, 1997; Henneberger and Rusakov, 2012; Liotta et al., 2012) . We compared ÁV K (normalized to the fibre volley) in the presence and absence of the gap junction blocker carbenoxolone (50 mM). In contralateral tissue we found a 59% increase of ÁV K in carbenoxelone (Fig. 3F and G 
Astrocytes acquire an abnormal phenotype in chronic epilepsy
To investigate the fate of astrocytes in epilepsy, we used mice with inducible EYFP expression in astrocytes. Cremediated recombination of the EYFP reporter was induced by tamoxifen injection, resulting in permanent labelling of astrocytes. This approach labels 70-80% of GFAP-positive astrocytes in the CA1 region (Gosejacob et al., 2011) . In line with these previous findings, 8 weeks and 6 months after tamoxifen all fluorescent cells investigated (n = 63 cells, six animals) displayed passive current patterns and coupling ( Supplementary Fig. 8A ). To determine whether trans-differentiation into another cell type accounted for the loss of astrocytes during epileptogenesis, kainate was injected 4 weeks after tamoxifen. Patch-clamp and gap junction coupling analyses of fluorescent cells in the CA1 stratum radiatum were performed 4-5 days post injection, 3 mpi and 6 mpi (Fig. 4A ). Four to 5 days post injection, all fluorescent cells displayed passive currents and coupling. However, biocytin-spread ipsilaterally was decreased by 50% (Fig. 4C) , confirming data obtained from hGFAP/ EGFP mice (Fig. 3C ). Three and 6 mpi, an increasing number of fluorescent cells in sclerotic tissue showed current patterns atypical of astrocytes (input resistance 4 40 M and/or voltage-and time-dependent currents) and lacked coupling ( Fig. 4B-D; Supplementary Fig. 8B ). Immunohistochemistry 3 and 6 mpi revealed that all EYFP-positive cells expressed GFAP but not NG2 (Supplementary Fig. 8C ). These data demonstrate that at later stages of epileptogenesis, astrocytes acquire an atypical phenotype. To test whether astrocyte death added to the loss of bona fide astrocytes in chronic MTLE-HS, TUNEL/GFAP/Draq5 triple staining was performed 1 and 4-5 days post injection, 3 and 6 mpi. As expected (Theofilas et al., 2009) , at 1 and 4-5 days post injection . In contrast, in the contralateral hippocampus astrocytes displayed abundant gap junction coupling, resembling control conditions (bottom left). Scale bar = 100 mm. Whole-cell currents of the filled cells were elicited as described in the legend to Fig. 1A (right) . (B) Summary of tracer coupling experiments. The extent of intercellular biocytin diffusion was compared in sclerotic and non-sclerotic slices of the injected hemisphere, and in slices from the contralateral hippocampus. Three and 6 mpi, no spread of biocytin could be detected in sclerotic slices (3 months: n = 12 biocytin-filled passive cells from six animals; 6 months: n = 6 filled passive cells, three animals). Astrocytes were still coupled in non-sclerotic hippocampal slices of the injected hemisphere (3 months: 30 AE 20.1 coupled cells, n = 11 slices, six animals; 6 months: 27.5 AE 17.8 coupled cells, n = 10 slices, five animals) and slices obtained from the contralateral hippocampus (3 months: 40.6 AE 22.5 coupled cells, n = 10 slices, six animals; 6 months: 44.9 AE 27.7 coupled cells, n =11 slices, three animals). Nine months after status epilepticus, complete loss of cells with passive current pattern was observed in sclerotic segments of the hippocampus (n = 18 screened slices, six animals) whereas in non-sclerotic hippocampal slices ipsilateral to the injection, and in the contralateral hippocampus, astrocytes coupled to 23.8 AE 16.8 (n = 13 slices, five animals) and 29.6 AE 21 (n = 18 slices, five animals) cells, respectively. Gap junction coupling in non-sclerotic ipsilateral slices did not differ from the contralateral side. (C) Loss of SR101 uptake by astrocytes in the sclerotic hippocampus. Incubation with SR101 of slices from epileptic mice 9 mpi resulted in astrocytic labelling in the contralateral CA1 region. In the ipsilateral hippocampus, no labelled cells were detected (n = 3 slices, three animals). Scale bar = 15 mm. Fig. 1A ; horizontal bar, 10 ms; vertical bar, 2.5 nA). (B) Ipsilateral TUNEL performed 4 and 6 hpi. No TUNEL-positive cells could be detected in the pyramidal layer 4 hpi (n = 7 slices from three animals), whereas abundant staining of pyramidal neurons was found underneath the injection site 6 hpi (n = 7 slices from three animals). sr = stratum radiatum; sp = stratum pyramidale; so = stratum oriens. Scale many CA1 and CA3 pyramidal neurons were TUNELpositive, as opposed to GFAP-positive cells, which were TUNEL-negative (1 day post injection: n = 6 slices from two animals; 4-5 days post injection: n = 12 slices from three animals). Three and 6 mpi, TUNEL-labelling was absent in the sclerotic and non-sclerotic parts of the ipsilateral hippocampus (3 mpi: n = 10 slices from four animals; 6 mpi: n = 21 slices from three animals) (Fig. 4E) . Thus, it is unlikely that the loss of astrocytes in chronic MTLE-HS is due to apoptotic cell death.
Cytokines induce uncoupling of hippocampal astrocytes
Seizures induce high levels of inflammatory cytokines, including interleukin 1 beta (IL1B) and tumor necrosis factor (TNF; Vezzani et al., 2008) , an effect that has been ascribed to release of damage associated molecular pattern molecules and activation of TLR4 (Maroso et al., 2010) . Pro-inflammatory cytokines inhibit astrocyte gap junction coupling in cell culture (Meme et al., 2006) . To explore whether TLR4 is involved in seizure-induced astrocytic uncoupling in vivo, kainate was intracortically injected into TLR4 knockout mice, and tracer coupling was quantified at 1 day post injection. During status epilepticus, wild-type and TLR4 knockout mice spent the same time in ictal activity (53.5 AE 19 min versus 47.5 AE 12.1 min, n = 3, P = 0.64). Remarkably, tracer spread ipsi-and contralaterally was not different in kainate-injected TLR4 knockout mice (Fig. 5A ). To directly assess the effect of cytokines on gap junction coupling, hippocampal slices from hGFAP/EGFP mice were incubated (3-4.5 h) in IL1B, IL1B + TNF (10 ng/ml each) or lipopolysaccharide (1 mg/ ml) (Lee et al., 1993) . Gap junction coupling was assessed in astrocytes of the CA1 stratum radiatum by biocytin filling. All conditions produced a significant decrease in gap junction coupling, which could be prevented by co-application of dibutyryl cyclic AMP (100 mM) (Fig. 5B) . Next we assessed the effect of lipopolysaccharide in control mice in vivo through i.p. injection (5 mg/kg). At 5 days post injection, biocytin filling revealed a significant reduction of gap junction coupling (Fig. 5C ). Western blot analysis performed at this time point disclosed a significant reduction of hippocampal GJA1 (to 59.2 AE 2.6%, n = 3, P 5 0.0001) but unchanged GJB6 (n = 3, P = 0.3) protein levels (data not shown). Cell culture studies indicated that pro-inflammatory mediator-induced reduction of GJA1 expression and astrocytic coupling can be rescued with levetiracetam (Haghikia et al., 2008; Stienen et al., 2011 ). Therefore, we tested whether this antiepileptic drug can rescue lipopolysaccharide-induced inhibition of gap junction coupling in vivo. Levetiracetam was administered i.p. twice daily (150 mg/kg) for 5 days (first levetiracetam injection 6 h post lipopolysaccharide). Intriguingly, this treatment fully prevented the uncoupling effect of lipopolysaccharide (Fig. 5C ).
Discussion
We performed, for the first time, coupling analyses in astrocytes of human specimens, and report an unexpected, complete lack of glial gap junction coupling and bona fide astrocytes in the sclerotic hippocampus of patients with MTLE-HS. Using an epilepsy mouse model reproducing key features of chronic human MTLE-HS, we demonstrate that impairment of astrocyte coupling starts very early, within 4 h after status epilepticus, and is probably mediated by hyperactivity-induced release of pro-inflammatory cytokines. Thus, astrocyte uncoupling represents a crucial event in epileptogenesis and identifies a promising new target for the development of antiepileptic drugs. Ipsi-and contralateral measurements were always conducted in the same slice. Mice, which had experienced seizures, were excluded from the study. In the ipsilateral hippocampus, astrocytic gap junction coupling was significantly reduced at each time point investigated (4 hpi: 55.2 AE 31.2 versus 119 AE 47.6 coupled cells, P = 0.01; n = 12 slices from eight animals; 1 day post injection: 53.8 AE 11.7 versus 102.6 AE 21.8 coupled cells, P = 0.004; n = 10 slices from five animals; 4-5 days post injection: 28 AE 18.2 versus 79.6 AE 27.9 coupled cells, P = 0.001; n = 18 slices from eight animals). Sham injection did not alter gap junction coupling (99.9 AE 37.6 versus 96.7 AE 30.7 coupled cells, P = 0.6; n = 11 slices from six animals). dotted lines) was analysed without (blue and red traces) and with (grey traces) the gap junction blocker carbenoxolone (CBX, 50 mM) present, and normalized to the fibre volley (arrowhead, synaptic transmission blocked, stimulus artefacts removed for clarity). On the contralateral side, responses were significantly larger in carbenoxolone-treated compared to untreated slices (artificial CSF, 0.187 AE 0.091, n = 14 cells, seven animals; artificial CSF + carbenoxolone, 0.298 AE 0.09, n = 11 cells, seven animals, P = 0.006) whereas carbenoxolone had no effect on ÁV K in ipsilateral slices (artificial CSF, 0.193 AE 0.068, n = 10 cells, six animals; artificial CSF + carbenoxolone, 0.197 AE 0.055, n = 12 cells, seven animals, P = 0.887). The ipsi-and contralateral carbenoxolone values also differed significantly (P = 0.003). FV = fibre volley; *significantly different from the contralateral side (t-test);
We used freshly resected hippocampal specimens from patients with MTLE to assess glial dysfunction in chronic human epilepsy. The astounding result of our comparative analysis is the complete absence in hippocampal sclerosis tissue of bona fide astrocytes, i.e. cells displaying a high resting conductance, passive current patterns and gap junction coupling. Remarkably, lack of astrocytes and gap junction coupling was seen in the hippocampus of all 75 patients with MTLE-HS, irrespective of their age, gender or medication, whereas robust coupling was present in all human non-hippocampal sclerosis specimens investigated. So far, gap junction coupling has not been assessed in human brain. In acute epilepsy models, release of glutamate from astrocytes promotes neuronal synchronization, and an excitatory neuron-astrocyte-neuron signalling cascade contributes to the initiation of focal ictal discharges (Gomez-Gonzalo et al., 2010). However, acute models do The proportion of EYFP-positive cells with membrane currents atypical for astrocytes increased with time after kainate injection (5 days post injection: n = 30 slices from six animals; 3 mpi: n = 18 slices from four animals; 6 mpi: n = 24 slices from six animals). (E) TUNEL/GFAP/Draq5 triple staining of coronal brain slices at 5 days and 3 months after kainate injection. No apoptotic astrocytes could be detected in sclerotic and non-sclerotic parts of ipsilateral hippocampi. sr = stratum radiatum; sp = stratum pyramidale; so = stratum oriens. Scale bar = 25 mm.
not mimic the morphological changes characterizing human MTLE-HS, including selective neuronal death, astrogliosis and granule cell dispersion. To determine the time course of the changes in astrocyte function in the course of human MTLE-HS and test whether they are causative for this disorder, a unilateral intracortical kainate model was used in mice. The ensuing long-term restructuring of the hippocampus observed up to 9 months post status epilepticus closely matched the morphological, molecular and functional features of the chronic stage of human MTLE-HS, including loss of passive astrocytes and coupling. Fate mapping analysis directly established that in the course of epilepsy, astrocytes acquire an atypical phenotype. We observed that astrocyte uncoupling is a very early event in epileptogensis and leads to impaired K + clearance. Importantly, these changes in astrocytes preceded apoptotic neuronal death and development of spontaneous recurrent seizures. Thus, dysfunction of astrocytes seems to play a key role in aetiology, and in this respect MTLE-HS may be considered a glial rather than a neuronal disorder.
Besides loss of coupling, which was complete 3 mpi, we observed a continuous increase in the proportion of cells with atypical current patterns beyond the 6-month time point. Although there was no further increase in seizure frequency between 6 and 9 months after status epilepticus, comparing the 3 -and 9-month time points revealed a progression of CA1 pyramidal cell loss, granule cell dispersion and shrinkage of the CA1 pyramidal layer.
Indeed, the chronic sclerotic hippocampus is considered the most likely origin of chronic seizures in patients with temporal lobe epilepsy (De Lanerolle and Lee, 2005) although the underlying mechanisms are not fully understood (De Lanerolle et al., 2012) . In the latter review, excitable (spiking) NG2 cells were speculated to contribute to seizure generation, but our previous and current findings do not support this hypothesis. In our earlier study, current injections in glial cells of human sclerosis or in NG2 cells of human control samples never produced action potentials, and the Na + current densities were low (Hinterkeuser et al., 2000) . These previous findings are in line with the affect astrocytic gap junction coupling in TLR4 knockout mice at 1 day post injection (121.2 AE 35.6 versus 115.9 AE 50.2 coupled cells, P = 0.87, n = 10 slices from five animals). Data were normalized to the contralateral side. Ipsi-and contralateral gap junction coupling were always compared in the same brain slices. (B) Tracer coupling analysis was performed in situ in acute brain slices 3-4.5 h after incubation with IL1B, IL1B/ TNF (10 ng/ml), or lipopolysaccharide (LPS, 1 mg/ml). The cytokines and lipopolysaccharide significantly decreased gap junction coupling (control: 87.8 AE 18.2 coupled cells, n = 33 slices from 15 animals; IL1B: 60.5 AE 9.5 coupled cells, P = 0.002, n = 10 slices from seven animals; IL1B + TNF: 53.5 AE 15.6 coupled cells, P 5 0.0001, n = 15 slices from 11 animals; lipopolysaccharide: 47.9 AE 16.8 coupled cells, P = 0.0016, n = 14 slices from four animals). The effect of the cytokines on gap junction coupling was prevented by addition of 100 mM dibutyryl cyclic AMP (IL1B + TNF + dibutyryl cyclic AMP: 88.2 AE 42.1 coupled cells, P = 0.93, n = 18 slices from six animals). Data were normalized to gap junction coupling in control slices (vehicle incubation). (C) In vivo effect of lipopolysaccharide on astrocytic gap junction coupling. Gap junction coupling was assessed in acute slices 5 days after i.p. injection of lipopolysaccharide (5 mg/kg). Lipopolysaccharide significantly decreased gap junction coupling (56.5 AE 27.5 coupled cells, n = 21 slices from five animals versus 104 AE 19 coupled cells, n = 18 slices from five animals, P = 0.01). Treatment of lipopolysaccharide-injected animals for 5 days with levetiracetam (150 mg/kg, i.p. two injections daily) fully restored gap junction coupling (139.3 AE 19.9 coupled cells, P = 0.369, n = 19 slices from five animals). Data were normalized to control mice (vehicle injection). *Significantly different (ANOVA and Tukey test); db-cAMP = dibutyryl cyclic AMP. present study where depolarization never elicited action potentials in glial cells. However, the lack of astrocyte coupling probably contributes to the enhanced extracellular glutamate and K + levels in human sclerosis as revealed by in vivo dialysis, which may entail a reduced threshold for the generation of hyperexcitablity and/or facilitate the spread of waves of depolarization from granule cells to the subiculum (De Lanerolle and Lee, 2005) . In contrast, at early phases of epileptogenesis, when excitatory CA1 neurons are still in place, the decreased astrocyte coupling and impaired K + buffering identified in the present study may directly lead to neuronal hyperexcitability and seizure generation and thus play a causative role in the development of epilepsy.
In a previous report, Karadottir et al. (2008) reported that in rat cerebellar white matter, two types of NG2 cells co-exist, displaying or lacking action potentials and synaptic input. This has not been observed in control mouse (Matthias et al., 2003) or human hippocampus (this study, see also Hinterkeuser et al., 2000) . Our fate mapping data (Fig. 4 and Supplementary Fig. 8 ) strongly suggest that the 'atypical' glial cells in human sclerosis, lacking coupling and co-expressing AMPA receptors and glutamate uptake, are transformed astrocytes and do not represent a distinct type of NG2 cells.
Increasing evidence suggests a contribution of inflammation to the pathophysiology of seizures (Vezzani et al., 2011) . Responses to acute seizures triggered by kainate induce rapid release of IL1B and TNF from microglia and astrocytes, and enhanced cytokine levels in serum and CSF have been found in epilepsy patients (Vezzani et al., 2008) . We observe that application of IL1B, TNF and lipopolysaccharide in situ and in vivo exert robust uncoupling effects on the glial network, which is in line with findings in cell culture (John et al., 1999; Meme et al., 2006) . The high-mobility group box-TLR4 axis is involved in ictogenesis (Maroso et al., 2010) . Using TLR4 knockout mice we show here the critical involvement of this receptor in seizure-induced uncoupling of astrocytes. Importantly, preserved gap junction coupling in kainate-injected TLR4 knockout mice was not due to weaker status epilepticus as compared with wild-type mice.
Previous work has demonstrated that kainate application entails disruption of the blood-brain barrier and albumin extravasation, and the latter leads to activation of astroglial transforming growth factor beta 1 signalling and decreased astrocytic gap junction coupling (Braganza et al., 2012) . Whether these processes contribute to the uncoupling seen after kainate-induced status epilepticus in our model still needs to be investigated.
Astrocyte uncoupling might not only impair K + homeostasis but also enhance extracellular glutamate levels (Glass and Dragunow, 1995; Cavus et al., 2005; Pannasch et al., 2011) . In addition to influencing coupling, IL1B and TNF are important factors in the regulation of glutamate uptake and release from astrocytes (Hu et al., 2000; Bezzi et al., 2001; Santello et al., 2011) . Thus, these cytokines may affect excitability through multiple glia-dependent pathways. Levetiracetam is a clinically approved antiepileptic drug that not only modulates neuronal properties but also exerts anti-inflammatory effects on glia, including reconstitution of gap junction coupling in cultured astrocytes (Haghikia et al., 2008; Stienen et al., 2011) . The latter studies and our results suggest an antiepileptogenic effect of levetiracetam through its effect on astrocytic coupling. A previous study, employing systemic kainate injection to induce status epilepticus, observed that levetiracetam suppresses the development of spontaneous seizures (Sugaya et al., 2010) whereas in an amygdala kindling rat model this antiepileptic drug did not prevent epileptogenesis (Brandt et al., 2007) . Differences in the experimental models (chemoconvulsant versus electrical stimulationinduced status epilepticus) likely account for this discrepancy. In a pilocarpine rat model, levetiracetam had variable effects in the chronic state (Glien et al., 2002) . Together, our findings add to the emerging view that astrocytes have a central role in the pathogenesis of epilepsy and, given the limited progress of neuron-centred epilepsy research over the past years, suggest astrocytic connexins as promising new targets for the development of alternative and more specific antiepileptic drugs. Identifying molecules that specifically act as connexin activators and rescue uncoupling would also allow proving a causal link between impaired gap junction communication and epileptogenesis.
